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TRANSLAMINAR PATTERNS OF C-FOS ACTIVATION IN RAT MOTOR 
CORTEX AFTER UNILATERAL CORTICAL SPREADING DEPRESSION 
ALINA NORA BAZARIAN 
ABSTRACT 
 The purpose of this study was to examine the effects of cortical spreading 
depression on neuronal activity in the rat motor (M1) cortex. It is known that cortical 
spreading depression causes widespread neuronal and glial activity in the cortex, but the 
degree to which it exerts its effects is unclear. Cortical spreading depression was induced 
in eight Sprague-Dawley male rats. After two hours, animals were euthanized and 
immunohistochemistry was performed on the brain to stain for the presence of c-Fos, an 
immediate early gene that is a well-known marker of neuronal activity. Sections were 
counterstained for Nissl substance to reveal two populations of cells: Nissl-stained 
neurons that were c-Fos positive, activated cells and Nissl-stained neurons that were c-
Fos negative, non-activated cells. Three sections for each animal were examined and 20-
30% of the total M1 cortex was analyzed. Cells were counted using systematic random 
sampling for each of the six cortical layers. 
 Our results show that the cortical spreading depression did not produce an 
activation of all neurons.  When layers were individually examined, there was a main 
effect of layer on neuronal activation. This confirmed previous findings that cortical 
spreading depression had the strongest effect on superficial layers of the cortex. 
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INTRODUCTION 
 Stroke and other cerebrovascular diseases are one of the top five leading 
causes of death in the United States (Centers for Disease Control and Prevention, 
2015). Accidents and other unintentional injuries, which may involve damage to the 
brain, also rank in the top five leading causes of death. Besides their prevalence as 
leading agents of death in the United States according to the Centers for Disease 
Control and Prevention, these events share a common underlying mechanism of 
action – cortical spreading depression. Cortical spreading depression (CoSD), 
sometimes referred to as spreading depression (SD), is a spreading wave of 
depolarization across the cortex, subsequently followed by an inhibitory wave. CoSD 
has also been found to accompany and exacerbate the sequellae of a variety of 
neurological disorders such as migraine, stroke, subarachnoid and intracranial 
hemorrhage, and traumatic brain injury (Lauritzen et al., 2011). 
Leão first described CoSD in a landmark paper in 1944, which investigated 
the effects of electrode stimulation on the rabbit brain. Leão found that brief periods 
of electrical stimulation were followed by a delay after which a depression of 
spontaneous electrical activity was observed. This event was coined as cortical 
spreading depression (Leão, 1944). It was found that the length of the delay was 
inversely related to the strength of the stimulus, with weak stimuli and short 
stimulation periods producing a longer delay. Additionally, Leão observed that the 
spread was progressive, such that within a given region, areas in which the CoSD 
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waveform was travelling through were active, while areas in which the CoSD had 
just passed through were depressed.  
Cortical spreading depression is characterized by a slow-moving wave of 
spreading depolarization that results in near-complete neuronal and glial 
depolarization, followed by a period of inhibition of spontaneous 
electroencephalography (EEG) activity, which is spontaneously recovered within 
15-30 minutes (Lauritzen et al., 2011). CoSD spreads centrifugally from the point of 
origin, lasts upwards of one minute, and travels at a rate of 3-5 mm/min through the 
grey matter. This phenomenon has been reproducible in a wide variety of mammals 
(Ayata & Lauritzen, 2015).  
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Figure 1. Cortical spreading depression spreads radially from the point of 
stimulation. Figure taken from Chen et al., (2006). This series of time-lapse images 
(taken 6.4 seconds apart) illustrates the course of the cortical spreading depression 
wave induced by a pinprick. The point of origin is the black dot in the center of the 
image. The sequence of images starts at a light grey demonstrating high optical 
reflectance, which indicates low cerebral blood flow. The images then proceed to 
dark black demonstrating low optical reflectance, which indicates high cerebral 
blood flow. The return of the area to light grey represents the recovery to a normal 
state.  
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Ayata and Lauritzen (2015) propose that spreading depression follows a 
reaction-diffusion model (Figure 2), which details the mechanisms by which SD is 
self-propagated through the grey matter.  
                
Figure 2. The reaction-diffusion model describes the mechanisms of cortical 
spreading depression initiation and self-regeneration. Figure taken from Ayata 
and Lauritzen, (2015). 
 
A strong, depolarizing stimulus in a minimum cortex volume of 1 mm3 is required to 
trigger a SD in vivo in the rodent cortex. Upon stimulation, extracellular potassium 
concentration increases past threshold concentration and opens large conductance, 
non-selective cation channels. This change in conductance leads sodium and 
potassium ions to travel down their concentration gradients and results in a large 
potassium efflux and sodium influx from neurons. Together, sodium and chloride 
influx are followed by water into the cell. This decreases extracellular volume and 
 5 
thus, increases extracellular ion concentrations. Additionally, calcium influx leads to 
neurotransmitter release including glutamate, GABA, and catecholamines. These 
ionic changes are illustrated in Figure 3. High extracellular levels of potassium and 
glutamate help depolarize surrounding neurons, and in this way, neurons are 
primarily responsible for self-regeneration of the depolarizing wave. 
 
 
Figure 3. Cortical spreading depression regulates change in ionic flux 
concurrent with a DC potential shift. Figure taken from Hansen and Zeuthen, 
(1981). A: The cell experiences potassium effluxes and calcium influxes with a 
simultaneous direct current (DC) shift. The DC shift is pictured as Ve. B: The DC shift 
is also accompanied by influxes of sodium and chloride into the cell. 
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Although the ionic events that occur during SD have been well characterized 
at the cellular level, the depth to which CoSD penetrates the cortex remains unclear. 
Based on the lack of research in this area, there is a clear need for studies further 
delineating the mechanism of CoSD. This study aims to explore this question by 
analysis of post-mortem brain sections of CoSD-induced rats. By better 
understanding the mechanism of cortical spreading depression, we may be able to 
better treat clinical populations who suffer from CoSD-based disorders by treating 
the underlying cause of the disease. CoSD is known to exacerbate the damage caused 
by CoSD-based disorders, and we hope that by understanding more about how CoSD 
has effects on the cortex, we may be able to either limit or stop the spread of CoSD 
and in effect ameliorate disease symptoms.  To measure the effects of CoSD 
throughout the cortex, we chose to focus on c-Fos protein expression since c-Fos is a 
widely known indicator of neuronal activity that is expressed upon external 
stimulation, such as during CosD.  
 
c-Fos 
 
External signals, such as hormones, cytokines, or growth/differentiation 
factors, modulate cell function by acting at either an intracellular or extracellular 
level. These signals can regulate changes in gene expression, which may result in 
long-lasting effects upon neuronal activation. Immediate early genes (IEGs) are the 
first set of genes activated by external signals, since they do not require de novo 
protein synthesis. IEGs are believed to encode transcription factors, which affect the 
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expression of target genes that modify the cell phenotype (Herrera & Robertson, 
1996). Thus, it is logical to conclude that external signals may affect the phenotypic 
expression of the cell by first modifying gene transcription. The best-studied IEG is 
c-Fos, which is activated rapidly upon cell stimulation and expresses a transient 
pattern of activation. Located in the nucleus, the c-Fos protein is 380 amino acids 
long and undergoes extensive post-translational modification. In order to exert 
transcriptional control, c-Fos and other proteins form an Activator Protein-1 (AP-1) 
complex that non-covalently binds to transcriptional control elements containing an 
AP-1 binding site, which may affect signals that regulate growth and development 
(Herrera & Robertson, 1996). 
c-Fos-like immunoreactivity in the adult rat brain was first demonstrated in 
1987 (Dragunow et al., 1987). Unlike previous studies that observed c-Fos in 
pheochromocytoma (PC12) neuroblastic cells, this study was the first to show the 
presence of c-Fos in the adult mammalian brain. Additionally, this study supported 
previous experimental findings that showed c-Fos was localized to neuronal nuclei. 
Another study investigated the basal levels of IEG expression in a normal rat brain. 
Basal expression of inducible IEGs Jun and Krox 24, as well as Fos-related antigens 
were shown in the rat hippocampus. The only IEG that was not expressed was c-Fos 
(Hughes et al., 1992). Many theories exist to explain why certain inducible IEGs 
show basal levels of activation, but most believe that these IEGs may work to 
modulate the transcriptional activity of genes that are constitutively activated by 
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tonic neurotransmitter activity. More importantly, this study illustrates that c-Fos 
requires external stimulation to be activated. 
Previous studies have shown c-Fos expression to be a successful marker of 
neuronal activity following noxious stimulation in rats (Bullitt, 1990). This study 
found that non-stimulated, awake animals and anesthetic control animals did not 
express c-Fos in the spinal cord, brainstem, thalamus, or hypothalamus. This result 
was consistent among different types of anesthetics, including chloral hydrate, 
phenobarbital, morphine, and methoxyflurane. When animals were exposed to 
noxious stimuli, the patterns of c-Fos activation in the spinal cord, brainstem, 
hypothalamus, and thalamus were consistent with electrophysiological recordings. 
The results of this study imply that c-Fos can be reliably activation upon peripheral 
stimulation. 
 
Cortical Spreading Depression 
 
In order to study CoSD in an animal model, animals are typically anesthetized 
throughout the procedure. It is known that anesthetics have an effect on 
neurotransmission, which may interfere with the propagation of CoSD. One study 
that examined a number of anesthetics on KCl-induced CoSD found a dose-
dependent effect of anesthetic concentration on CoSD, where higher anesthetic 
concentrations led to a reduction in CoSD frequency, but not amplitude. This study 
also showed that pentobarbital had the least effect on CoSD frequency, amplitude, 
and duration (Kitahara et al., 2001). 
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The extreme flux in ionic changes that accompany CoSD appears to be more 
harmful than it actually is. Some studies suggest that CoSD may serve as an 
endogenous protection mechanism that works to minimize insult to the brain 
(Herrera et al., 1998). Application of KCl to the brain surface has been established as 
a reliable way to induce waves of CoSD (Leão, 1944 and Marshall, 1959). Herrera et 
al. (1998) confirmed the transient pattern of c-Fos expression throughout the 
hemisphere affected by KCl-induced CoSD. Northern blotting and quantitative 
immunohistochemical analysis revealed that c-Fos immunoreactivity and mRNA 
expression in the ipsilateral hemisphere peaked at 3 hours, and increased up until 6 
hours post-stimulation. c-Fos expression returned to basal levels 24 hours after 
stimulation in the examined frontoparietal, entorhinal, and cingulate cortices. 
Staining for c-Fos was stronger in the frontoparietal cortex compared to the other 
two areas, and the contralateral hemisphere did not show c-Fos expression in the 
homotopic areas.  
 
The Glial Response 
 
Cortical spreading depression activates both neurons and glia as the 
depolarizing wave moves through the cortex (Ayata & Lauritzen, 2015). Neurons 
show an immediate response to CoSD while the response of glial cells is delayed, 
suggesting that c-Fos may mediate changes in glial marker expression. One study 
observed the expression of glial fibrillary acidic protein (GFAP), an astrocyte 
marker, following CoSD (Herrera et al., 1998). While maximal c-Fos staining was 
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observed shortly after stimulation, GFAP staining was observed within a few days 
after the initial stimulus. GFAP immunostaining was mostly seen in hypertrophic 
astrocytes distant from the stimulation site, and were most prominently observed in 
the piriform cortex and neocortex on the ipsilateral hemisphere. However, GFAP 
was not observed in the cingulate cortex. GFAP expression was present two days 
after stimulation and was maintained until at least seven days after stimulation. 
After 30 days, GFAP expression returned to basal levels. Since c-Fos expression 
precedes GFAP expression in the same brain areas, it is likely that c-Fos mediates 
the upregulation of GFAP. It is likely that both c-Fos and GFAP expression are 
controlled by a common cellular mechanism, as both c-Fos (Herrera & Robertson, 
1990) and GFAP (Hererra et al., 1998) expression are significantly decreased in KCl-
induced CoSD animals after applying a non-competitive NMDA antagonist MK-801 
(Herrera & Robertson, 1990 and Herrera et al., 1998). 
Astrocytes may play a protective role in SD, as they can absorb extracellular 
ions, which then leads to astrocytic swelling and death. Astrocytes also synthesize 
trophic factors, which may protect surrounding neurons. For example, it was found 
in KCl-induced CoSD rats that nerve growth factor (NGF) mRNA expression peaked 
at 12 hours after stimulation, and protein expression peaked at 24 hours (Herrera et 
al., 1993). NGF may be one of the trophic factors released by astrocytes after brain 
injury. While the exact role of NGF in CoSD remains unclear, it is known that NGF is 
a growth factor involved in growth, maintenance, and proliferation of neurons. 
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The Role of Calcium and Neurotransmitters 
 
While it is widely known that voltage-gated sodium and calcium channels, as 
well as NMDA receptors, contribute to the regeneration of the CoSD wave, the 
relative contributions of each have not been detailed in the literature. Herrera and 
Robertson (1990) introduced the idea that calcium influx mediates c-Fos expression 
in the rat brain. Decreases in extracellular calcium concentration during CoSD were 
linked to previous works that showed calcium was responsible for mediating c-Fos 
expression in PC12 cells. Since calcium is known to play a role in CoSD propagation, 
which is an underlying cause of migraine, calcium-channel blockers have been 
prescribed as preventative migraine treatments. This study found that the 
application of calcium-channel blockers Iomerizine (KB-2796) and Flunarizine 
significantly decrease c-Fos expression in the ipsilateral, frontoparietal cortex of 
KCl-induced CoSD rats (Shimazawa et al., 1995). Calcium channel blockers are 
believed to achieve this effect by inhibiting CoSD-induced cortical hypoperfusion.  
Enger et al. (2015) further explored the role of calcium in CoSD propagation 
in the visual cortex of mice. Their findings confirmed the reaction-diffusion model 
proposed by Cenk and Ayata (2015). They found that the increase in neuronal 
intracellular calcium preceded the rise in extracellular glutamate, suggesting that 
voltage-gated currents are responsible for increases in extracellular glutamate and 
potassium that help regenerate the CoSD wave. An ultrasensitive glutamate 
fluorescent probe and a potassium-sensitive microelectrode detected extracellular 
increases in glutamate and potassium, and an ultrasensitive calcium fluorescent 
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probe detected increases in intracellular calcium. Since the intracellular rise in 
calcium in astrocytes was present after the extracellular glutamate had already 
increased, it was further confirmed that increases in neuronal intracellular calcium 
control glutamate efflux and that self-propagation of the CoSD wave is not mediated 
by astrocytes (Enger et al., 2015). 
It has been proposed that the conventional trajectory of CoSD composed of 
depolarization followed by hyperpolarization, is followed afterwards with another 
depolarization. Neurotransmitter receptor distributions following CoSD were 
studied in hopes that their expression pattern may help to explain this observation. 
It was found that in one hour post KCl-induced CoSD, ionotropic glutamate 
receptors (including NMDA) were upregulated in the neocortex (Haghir et al., 2009). 
Additionally, upregulation of GABAA, adrenergic, and serotinergic receptors was 
observed in the hippocampus. Lastly, upregulation of ionotropic glutamate 
receptors, GABAA, serotinergic, dopaminergic, and adrenergic receptors were 
observed in the striatum (Haghir et al., 2009). The time course associated with 
receptor upregulation explains why this final depolarization is delayed compared to 
the initial depolarization and hyperpolarization, and may explain why earlier 
studies had not observed these findings. Understanding the role of 
neurotransmitters is critical to further elaborate our knowledge on the mechanism 
of CoSD. 
Leão originally thought that only the superficial layers of the cortex were 
required in order to propagate a CoSD (Leão and Morison, 1945). This idea has since 
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been disproven, as it is now known that the cortical spreading depression 
penetrates the different layers as it moves across the cortex surface (Marshall, 
1959). However, it is thought that the upper layers of the cortex are dominant in 
CoSD propagation, since EEG recordings confirm that the lower third of the cortex 
lags behind the superior cortex in terms of potential change. However, the extent to 
which CoSD penetrates the cortex remains an unanswered question, which this 
thesis aims to address. 
 
Experimental Goals and Aims  
 
The objective of this study is to further examine the hypothesis that CoSD 
induces near-complete neuronal depolarization.  This hypothesis will be tested by 
examining the number of c-Fos activated neurons in each layer of the motor cortex. 
These results will provide further insight into the mechanism of CoSD. 
Understanding the underlying mechanisms of CoSD may help to develop therapeutic 
tools that stop, or decrease, the spread of cortical spreading depression in humans 
who suffer from CoSD-based disorders.  
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MATERIALS AND METHODS  
 
Subjects 
 
Eight Sprague-Dawley male rats (300-535 g) were used in this experiment 
(Strain Code 400; Charles River Laboratories International, Inc., Kingston, N.Y. and 
Raleigh, N.C., USA). Rats were 60 days old at the start of the experiment. The rats 
were pair-housed in transparent cages and food and water were available ad 
libitum. The subjects were exposed to a 12:12 light/dark cycle, with lights off 
starting at 1900h. The average temperature of the vivarium was 70-74 °F and 
maintained at 30-70% humidity. Animal protocols were approved by the Boston 
University Institutional Animal Care and Use Committee. 
 
Procedure 
 
 Surgery 
 
Rats were injected with glycopyrrolate (0.02 mg/kg, i.p.) to reduce 
alimentary and bronchial secretions and then anesthetized with pentobarbital 
(50mg/kg, i.p.) supplemented by chloral hydrate (160mg/kg, i.p.). Pentobarbital 
was chosen as the anesthetic agent since it is known to have the least amount of 
effect on CoSD waveform characteristics (Kitahara et al., 2001). Anesthetic depth 
throughout the experiment was evaluated by the absence of a response to a tail 
pinch. A booster dose of pentobarbital was administered if a reaction to the tail 
pinch was observed.   
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Once the rat was anesthetized, it was secured in a stereotaxic apparatus 
(Kopf Instruments Model 902, Tujunga California) and a rectal temperature probe 
was placed and connected to a feedback-controlled heating pad to maintain core 
temperature between 36-38 °C throughout the duration of the experiment. 
Lubricant was applied to the eyes to protect the corneas. 
A dorsal midline scalp incision was made to expose the frontal, parietal, and 
occipital bones. Holes were drilled to the base of the skull at AP -4.0 mm ML ± 2.5 
mm relative to bregma using a hand-held drill until the dura mater was exposed. 
Cottonoids were soaked in 1 μL of 3.0 potassium chloride (KCl) or 3.0 M 
physiological saline and were applied on either side of the exposed parietal cortex. 
The cottonoids were replenished with another 1 μL of KCl and saline after the first 
half hour, and the cottonoids were removed after two hours. 
 
 Perfusion 
 
Rats were intraperitoneally injected with a lethal dose of pentobarbital and 
intracardially injected with 0.5 mL sodium nitrate, followed by 0.5 mL heparin. A 
cannula was placed in the ascending aorta and 500 mL of 4% paraformaldehyde in 
0.1 M phosphate buffer (pH 7.4) was administered to the animal. The brain was 
immediately removed and fixed in 4% paraformaldehyde in 0.1 M phosphate buffer 
(pH 7.4) overnight, after which the brain was transferred to a series of glycerol 
solutions for 24 hours each (10% glycerol, 2% dimethyl sulfoxide (DMSO), followed 
by 20% glycerol, 2% DMSO) (Lister et al., 2011). 
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The brain was sectioned into 40 μm thick horizontal sections using a freezing 
microtome (Spencer Lens Company, Buffalo, N.Y., USA). Serial brain sections were 
saved in cryoprotectant and stored in a -20 °C freezer. 
 
 Tissue Preparation 
 
c-Fos staining 
 
After fixation, sections were washed six times with 0.05 M Tris Buffered 
Saline (TBS, pH 7.6) for five minutes each. Sections were quenched with 1% 
hydrogen peroxide (Fisher H325-100) in 0.05 M TBS for 36 min. Six additional five-
minute washes with 0.05 M TBS were performed. The sections were blocked with 
SuperBlock Blocking Buffer in PBS (Thermo Scientific Product #37515) for 130 
minutes. Slices were incubated with anti-c-Fos polyclonal rabbit antibody (1:20; 
Millipore ABE457) diluted in stock solution (2% Normal goat serum (Gibco by Life 
Technologies), 0.1% Triton X (Fischer Scientific) in 0.05 M TBS) for either for 24 
hours at room temperature (24 °C) or 48 hours in a cold room (5 °C). 
Following the incubation with the primary antibody solution, six 0.05 M TBS 
(pH 7.6) washes were performed for five minutes each. Sections were then 
incubated with biotinylated anti-rabbit IgG (1:600; Vector BA 1000) diluted in stock 
solution for 2 hours followed by six, five-minute washes in 0.05 M TBS (pH 7.6). 
Sections were incubated in 10 mL AB solution composed of 10 mL stock solution, 
45.0 μL A (Vestastain), and 45.0 μL B (Vestastain), for 65 minutes. Another set of six, 
five-minute washes with 0.05 M TBS (pH 7.6) were performed. Sections were then 
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incubated in Nickel-DAB solution, containing 1.25g Ni(II) sulfate (Nickel sulfate 
hexahydrate; Fisher CAS# 10101-97-0) mixed with 10 mg of 3,3’-Diaminobenzidine 
tetrahydrochloride (DAB; sigma D5905-100TAB) for five minutes. A third set of six, 
five-minute washes with 0.05 M TBS (pH 7.6) were performed. Free-floating 
sections were then mounted on positive charged plus slides (Fisher 12-543B) and 
allowed to air-dry overnight prior to Nissl staining. 
 
Nissl staining 
 
The sections were placed in dedifferentiated fat for one hour, after which 
they were transferred between the following mediums for 5 minutes each: 100% 
ethanol, 100% ethanol, 95% ethanol, 70% ethanol, 50% ethanol, dH2O, dH2O. The 
sections were then slowly dipped in and out of thionine dye (pH 5.4) between two 
and four times. Sections were rehydrated as they were dipped 12 times in dH2O, 
followed by a separate dH2O, followed by 70% ethanol, followed by 95% ethanol. 
This was followed by three, five-minute soaks in 100% ethanol. The sections were 
cleared with three, five-minute xylene transfers and then cover slipped. 
 
 Imaging 
 
Slides were scanned into a Nikon Eclipse E600 microscope connected to the 
Surveyor computer program on a Windows 7 desktop computer with an Intel ® 
Core ™ processor. Tissue sections between -0.3 mm and 1.3 mm from bregma were 
selected for analysis. The region of interest for cell counting was the motor (M1) 
cortex in the hemisphere exposed to the KCl treatment. The Rat Brain in Stereotaxic 
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Coordinates (Paxinos & Watson, 1998) was used to identify the boundaries of the 
M1 cortex for each AP level. Scale bars were used to isolate the M1 cortex. Grids 
were made of 40,000 μm2 area per square. Systematic random sampling was used to 
count 20-30% of the total M1 cortex area. One random number was generated and 
used throughout the entirety of one section. A different random number was 
generated for each section. 
Cells were identified as either being c-Fos positive or c-Fos negative (i.e. Nissl 
positive). c-Fos positive cells were identified by the presence of a brown-staining 
nucleus, which ranged from completely dark to a speckled appearance, surrounded 
by a light pink soma. Nissl-positive cells were identified by the absence of c-Fos 
staining, and by a dark nucleolus surrounded by a light blue soma. Any cells that 
were not present in real space were excluded from analysis. Additionally, cells that 
crossed the left or bottom side of the counting frame were excluded from analysis. 
Cells of roughly the same shape and color were included for analysis (Figure 4). In 
M1, the six cortical layers were defined by their cytoarchitecture (Kleim et al., 
1996). Layer 1 was easily distinguishable, as it is the sparsest in terms of cell 
density. Layers 2 and 4 were the densest layers, and Layer 3 was identified as a 
large layer with spread out cells between these two layers. Layer 5 was sparser 
compared to Layer 4 and was also identified by the presence of Betz cells, which are 
large pyramidal neurons. Layer 6 was slightly denser than Layer 5, and formed a 
boundary with the white matter of the corpus callosum. In ImageJ version 1.49, the 
number of c-Fos positive vs. Nissl positive neurons were recorded per cortical layer. 
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Figure 4. Criteria used for classification of c-Fos positive and c-Fos negative 
cells. Green boxes represent cells that were ultimately included in analysis Rec 
boxes represent cells that were excluded from analysis.  
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RESULTS 
 
 
M1 Cortex Qualitative Analysis 
 
After stimulation of the left hemisphere with 2 μL KCl for two hours in rats, a 
strong staining for c-Fos was observed (Figure 1). This intensity of staining was 
present throughout the ipsilateral hemisphere.  For detailed evaluation, motor 
cortex was selected for analysis.  Some contralateral c-Fos staining was observed, a 
result attributed to the control side craniotomy.  Such a manipulation has been 
shown to produce limited c-Fos activation (Hererra et al., 1998) without cortical 
spreading depression.  Even with the wide spread activation of the hemisphere 
triggered by KCl, some neurons did not exhibit c-Fos staining.  Figure 2a. shows the 
percentage of c-Fos positive staining neurons versus the percentage of c-Fos 
negative staining neurons in all six layers of tthe M1 cortex. Overall staining of the 
M1 cortex is illustrated in Figure 2b. A black dotted line is used to separate the 
cortex from the corpus callosum, a white matter tract that connects the two 
hemispheres. 
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Figure 5. Cortical spreading depression in the rat brain is characterized by 
upregulation of ipsilateral c-Fos expression in the stimulated hemisphere. The 
left hemisphere of a rat brain was stimulated in a two-hour KCl experiment. This 
resulted in upregulation and expression of c-Fos protein throughout the cortical 
layers. Staining appeared to be most densely concentrated near the superficial 
layers of the cortex and the number c-Fos positive cells decreased with depth of the 
cortex. 
 
 
 
 
 
 
KCl 
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Figure 6. KCl-induced cortical spreading depression results in c-Fos 
expression as an indicator of neural activation in the M1 cortex of the 
ipsilateral hemisphere. A: The proportion of c-Fos positive and c-Fos negative 
stained cells in the rat M1 cortex for eight Sprague-Dawley rats indicates that 
neurons are not uniformly activated upon cortical spreading depression. B: The rat 
M1 cortex was selected for analysis of c-Fos staining. The image resolution is 3.187 
pixels/μm. Scale bar = 1000 μm. 
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Quantitative Analysis of Neuronal Activation following CoSD 
 
 The observation that some neurons did not stain for c-Fos after cortical 
spreading depression led us to wonder whether this difference in neural activity 
was layer-specific. We counted c-Fos positive and c-Fos negative neurons for each of 
the six cortical layers in the M1 cortex. The layers are labeled and separated by a 
black dotted line in Figure 3a. Examples of c-Fos positive and c-Fos negative 
neurons for each layer can be seen in Figure 3b. Figure 4a. and 4b. shows the 
proportion and average number of c-Fos positive and c-Fos negative stained cells 
per cortical layer, respectively.  The proportion and mean number of c-Fos positive 
and c-Fos negative neurons may be seen in Tables 1 and 2. Briefly, Layer 1 had 91% 
c-Fos positive neurons, Layer 2 had 94% c-Fos positive neurons, Layer 3 had 90% c-
Fos positive neurons, Layers 4 and 5 had 86% c-Fos positive neurons, and Layer 6 
had 88% c-Fos positive neurons. 
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Figure 7. Numbers of c-Fos positive and c-Fos negative stained cells have an 
inverse relationship with increasing depth in the rat M1 cortex after cortical 
spreading depression. The cortical layers are defined in the M1 cortex. The layers 
are separated by a black dotted line. Scale bar = 1000 μm. The panel on the right 
illustrates individual cells from each of the cortical layers. Representative samples 
of each layer were chosen to reflect cell density for that layer.  Black arrows identify 
c-Fos positive cells, red arrows identify Nissl positive cells, blue arrows identify 
endothelial cells, and green arrows identify oligodendrocytes. Scale bar = 10 μm.  
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Figure 8. Cortical spreading depression results in decreased proportions of 
neuronal activation per layer with increasing depth in the rat M1 cortex. A: 
Proportion of c-Fos positive and c-Fos negative cells per cortical layer per 40,000 
μm2. B: Average number of c-Fos positive and c-Fos negative neurons in each 
cortical layer per 40,000 μm2. 
 
 26 
Table 1. Proportion of c-Fos positive to c-Fos negative neurons per cortical 
layer per 40,000 μm2 in the rat M1 cortex. Percentages of active to non-active 
cells were calculated for eight male Sprague Dawley rats across three sections per 
animal. 
 
 c-Fos + c-Fos - 
Layer 1 91% 9% 
Layer 2 94% 6% 
Layer 3 90% 10% 
Layer 4 86% 14% 
Layer 5 86% 14% 
Layer 6 88% 12% 
 
Table 2. Average numbers of c-Fos positive and negative neurons per cortical 
layer per 40,000 μm2 in the rat M1 cortex. Average numbers of active to non-
active cells were calculated for eight male Sprague Dawley rats across three sections 
per animal. 
 
 c-Fos + c-Fos - 
Layer 1 17.25 2.08 
Layer 2 260.54 15.29 
Layer 3 261.75 26.96 
Layer 4 240.75 35.21 
Layer 5 224.79 34.88 
Layer 6 218.17 29.33 
 
 
Statistical Analysis 
 
In order to determine the effects of CoSD on neuronal activity in the motor 
cortex, a one-way, repeated measures Analysis of Variance (ANOVA) was performed 
for the M1 cortex using c-Fos counts and cortical layers as dependent variables. 
Between groups analysis showed that there was a significant difference in the 
number of c-Fos positive and Nissl-positive cells throughout the whole motor 
cortex, in that there were more c-Fos positive cells compared to Nissl-positive cells 
 27 
[F(1,15) = 350.56; p<0.05].  This finding shows that a significant number of neurons 
are activated and upregulate c-Fos in the motor cortex after CoSD. 
Post-hoc analyses using Tukey tests were conducted to determine the 
differences within the groups. Using layers as the within subject factor, pairwise 
comparison revealed that there is a significant main effect of layer on activation of c-
Fos per layer, with an overall decrease in proportion of c-Fos positive cells per layer 
[F(5,35) = 3.27; p<0.05].  
After determining a main effect of layer, post-hoc analysis revealed that 
cortical layer 2 had a significantly higher ratio of c-Fos positive cells to Nissl-
positive cells compared to layer 4. This could mean that layer 2 with 6% c-Fos 
negative cells is significantly more active than layer 4 with 14% c-Fos negative cells. 
However, the other layers surrounding layer 4 are similar in proportion of c-Fos 
negative cells, namely, layer 5 also has 14% c-Fos negative cells and layer 6 has 12% 
c-Fos negative cells (Figure 8, Tables 1 and 2).  The significant difference in 
proportion of c-Fos negative cells between layers 2 and 4 may result from the fact 
that layers 2 and 4 have the highest cell density of the six layers. Regardless, our 
findings illustrate that the proportion of c-Fos negative cells increases with depth in 
the motor cortex. 
Further post-hoc analysis revealed a significant difference in the ratio of c-
Fos positive cells to Nissl-positive cells per cortical layer. It was found using layers 
as the within subject factor that cortical layer 1 was significantly different from 
layers 2-6, whereby layer 1 had a significantly smaller ratio of c-Fos positive to 
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Nissl-positive cells compared to all of the other cortical layers [F(1,7) = 40.258; 
p<0.05]. This finding is interesting seeing as though CoSD should have the strongest 
effect on the superficial-most layers, however, this finding may be skewed since 
cortical layer 1 has the smallest amount of cells overall compared to the other 
layers. 
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DISCUSSION 
 
This study evaluated whether CoSD affected all neurons in the rat M1 cortex.  
This study was initiated because upon preliminary analysis of a hemisphere 
activated by CoSD, the number of activated neurons appeared not to be 
representative of all of the neurons in the cortex.  Sections were then evaluated for 
estimation of neuronal densities, and the investigation was extended to determine 
whether there was a layer-specific difference in the proportion of neurons that were 
activated as observed by c-Fos immunohistochemistry.  Surprisingly, this question 
had not been investigated.  The closest precedent was found in (Marshall, 1959), in 
which a discussion of layer-specificity of involvement was found. 
We observed that not all neurons are activated following a 2 hour, KCl-
induced CoSD experiment. This prompted us to believe that not all neurons undergo 
activation upon cortical spreading depression. We then questioned whether this 
finding was specific to any of the cortical layers. While c-Fos staining was present in 
all six cortical layers of the rat motor cortex, it was generally found that a higher 
proportion of c-Fos positive cells compared to c-Fos negative cells were located near 
the superficial layers of the cortex, and this proportion of c-Fos positive cells not 
only decreased with depth of the cortex, but the relationship was inverse. With 
increasing depth of the M1 cortex, a higher proportion of c-Fos negative cells were 
found compared to c-Fos positive cells. 
 
Limitations 
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Double staining 
 
We performed a c-Fos stain with a cresyl violet counterstain.  This 
counterstain will stain all neurons and glial cells.  One potential confounding 
variable is whether our analysis mislabeled astrocytes as c-Fos negative neurons.  
Such a condition would directly confound our results. This option is unlikely, since 
astrocytes typically are stellate-shaped and have smaller cell bodies.  The neurons 
we counted were consistent in size with c-Fos positive cells. A second issue is 
whether the c-Fos positive neurons could be astrocytes.  While astrocytes have been 
shown to express c-Fos under certain conditions (cell culture, ischemia), there is no 
evidence to suggest that they express c-Fos under the conditions under which these 
experiments were performed.   
 A final consideration that may have confounded the major findings is the 
potential for the c-Fos antibody to incompletely penetrate our section. If antibodies 
could not completely penetrate, we might expect that the edges of the sections 
would be well-stained, but neurons in the middle of the section would not have had 
access to the antibody.  As a result, neurons in the middle of the section would be 
unstained, not because they were not c-Fos positive, but because the antibody 
would not have labeled the cell.  Nissl-stained cells would be stained throughout. We 
examined this possibility by looking at depth of the c-Fos staining and the Nissl 
staining in the Z plane.  If such a factor were possible, we would expect to identify c-
Fos positive cells only at or near the cut edges of the section, and cells stained only 
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with Nissl stain in the middle of the section.  However, we found both c-Fos positive 
and Nissl stained-only cells throughout the thickness of the section, suggesting that 
the antibody was able to penetrate throughout the section and that our data reflects 
a real finding rather than an artifact of preparation and processing. 
 
Animal Handling 
 
 It is known that c-Fos expression may be activated by environmental stimuli 
other then the intended experimental manipulation. Other studies have taken care 
to minimize this element of variability by following a precise procedure with each 
rat (Bullitt, 1990). In one study, all rats were handled at the same time of day for the 
least amount of time possible, anesthetized within 10 minutes of retrieval from the 
cage, and placed in a comfortable position throughout the experiment with 
standardized body temperature and auditory input. While our experimental 
procedures were mostly consistent with this protocol, we did not take the rats from 
their cages at the same time of day, nor did we handle the rats. The veterinarians in 
the Laboratory Animal Safety Control department were responsible for handling 
rats. In this way, we may have evoked a stress response from the rats that may have 
affected baseline c-Fos expression before performing the experiment, which may 
have also misrepresented the number of active neurons we counted due to KCl-
induced CoSD. Moreover, since the animals were under anesthesia, it is unlikely that 
differing environmental stimuli led to the present c-Fos activation. 
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Experimental Error 
 
 One source of experimental error may have resulted from drilling the holes 
in which KCl was applied to the surface of the skull. Holes were drilled until the base 
of the skull was reached, without puncturing the dura mater. It is possible that we 
may have accidentally drilled too far in some cases, which would result in a higher 
level of c-Fos activation due to this noxious stimulus that induced pain in the 
anesthetized rat. 
 Pentobarbital was used as the anesthetic agent in these experiments. It has 
been shown that anesthetics have an effect on the propagation of KCl-induced CoSD 
in a dose-dependent manner, specifically affecting the number, frequency, and 
duration of CoSD waves (Kitahara et al., 2001). Although prior studies have shown 
that pentobarbital has the least amount of effects on CoSD wave characteristics, 
there is a chance that pentobarbital may have suppressed CoSD in such a way that 
affected the pattern of c-Fos activation. 
 Despite the fact that our analysis looked only at the stimulated hemisphere, 
we noticed that the contralateral hemisphere expressed some c-Fos activation. 
While some studies claimed to not see any activation on the contralateral 
hemisphere, other studies have reported c-Fos upregulation in the hemisphere that 
was not treated with KCl. This study attributed this finding to KCl that may have 
diffused to the contralateral side when KCl was placed in a more medial position 
(Herrera et al., 1993). It is far more likely that the control drill site produced limited 
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c-Fos activation. While contralateral activation did not affect our results, it is worth 
noting that our observation was not unusual. 
 
Use of Rat as an Animal Model 
 
Cortical spreading depression is the underlying basis of disorders such as 
stroke, migraine, and traumatic brain injury. Our goal in studying CoSD is to learn 
more about the mechanism of action, so that ultimately this information may be 
used to help stop or decrease the spread of CoSD, which is manifested in disorders 
affecting human populations. Several different stroke models exist due to the 
complex pathophysiology of human stroke. 
However, preclinical stroke research shows a low success rate in terms of 
translation to human populations. Firstly, the window of therapeutic potential in 
rats is much longer (12 hours) compared to humans (3 hours) after localized stroke 
(Fluir et al., 2015). In terms of therapies, this finding gives us an inaccurate timeline 
of the effect of a therapeutic agent in humans. Secondly, the age of rats tested for 
stroke does not correlate to onset of stroke in human populations. Rat studies tend 
to use younger animals, while stroke occurs primarily in older human populations 
who have age-related factors (such as cardiovascular difficulties) that predispose 
them to having stroke (Fluir et al., 2015). Although these facts are specific to 
modeling stroke in rats, these findings may extend to loss of human translatability 
in rat CoSD experiments, as CoSD is the underlying basis of stroke. 
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Future Directions 
 
The current study revealed that CoSD does not activate all neurons.  It is 
unclear whether these neurons are of a specific neuronal type (e.g., inhibitory or 
excitatory).  The next step would be to double label neurons with both c-Fos and 
markers of neuronal subclasses.  These experiments could lead to the identification 
of neurons that may be resistant to the cortical spreading depression.  Another 
direction for future experiments would be to look at contralateral activation. 
Additionally, while our study used principles of stereology, cells were 
counted manually. We would recommend using stereological estimates as a more 
accurate indicator of representative neuronal activation in future studies. 
 
Conclusions 
 
 The results of our study help to further characterize the mechanism of CoSD. 
We have confirmed that the depression exerts the strongest effects near the 
superficial layers of the cortex, as determined by the relative proportion of c-Fos 
positive cells. The difference we observed in the level of activation in layer 2 versus 
layer 4 supports previous findings that CoSD penetrates the cortex as it moves 
laterally across the cortex. Our study gave us further insight into the depth of the 
depolarizing wave that characterizes CoSD, however, we suggest that additional 
studies be done to further quantify the depth of neuronal activation. With this 
information, we may be able to create therapies to prevent the occurrence of 
migraine or stroke in pre-disposed human populations, stop or slow down the 
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spread of stroke and other CoSD-based disorders throughout the brain, or decrease 
the harmful effects of cortical spreading depression on exacerbation of symptoms 
from these disorders. 
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